ABSTRACT: A desirable dog guide weighs 18 to 32 kg and measures 53 to 64 cm in height at the withers as an adult. Heritabilities and genetic correlations were estimated for birth weight, 42-d weight, mature weight, and mature height for 2,334 German shepherd dogs and 2,028 Labrador retrievers raised by the Seeing Eye, Inc., Morristown, NJ, from 1979 to 1997. Data included 5,006 observations for German shepherd dogs from 113 dams and 33 sires and 4,123 observations for Labrador retrievers from 89 dams and 29 sires. A mixed effects model was considered with sex and birth year as fixed effects. Random effects were animal, maternal, and litter incorporating all pedigree information available. A
Introduction
It is estimated that 2% of the legally blind population, approximately 300,000 people, use a dog as a guide (Braille Institute, 2000) . The degree of blindness, physical ability, motivation, need for independent travel, and other factors influence the appropriateness of a dog guide for an individual (Finestone et al., 1960; OSTI, 1971) . Dog guide training was pioneered in the United States by the Seeing Eye, Inc., Morristown, NJ, in 1929. Dog guides facilitate independence and confidence by allowing their owners to travel safely without assistance from other people. The dogs also offer companionship and may increase interaction with others (Zee, 1983) . A successful dog guide must obey the commands of the owner but must also be ready to act accordingly if a command will put the pair in danger. Dog guides accompany their owners everywhere, including public areas where dogs are normally prohibited. Dog guides 1 We thank Bruce Southey for compiling the DFREML program. 1450 derivative-free REML method was used to estimate parameters. The maternal component was higher than the additive genetic component for birth weight. Heritability of mature weight was estimated as 0.57 ± 0.07 for German shepherd dogs and 0.44 ± 0.07 for Labrador retrievers. Mature height heritability was estimated as 0.35 ± 0.08 for German shepherd dogs and 0.46 ± 0.08 for Labrador retrievers. Selection for lighter dogs at maturity is predicted to decrease the average mature height, and selection for taller dogs at maturity is predicted to increase the average mature weight. The estimated genetic parameters will aid in the development of strategies to increase the probability of breeding dogs for optimum mature size.
must not only possess a temperament that is acceptable to society, but they must also physically fit into spaces not designed to accommodate dogs. Extreme physical dimensions can be a limiting factor in determining whether a dog becomes a guide. Dog guides need to have sufficient weight in order to guide their owners safely, but heavier dogs may be too large and difficult for owners to handle. A dog guide must also be the appropriate height for their owner's reach. A desirable dog guide weighs 18 to 32 kg and measures 53 to 64 cm at the withers as an adult. A selection protocol to increase the proportion of dogs within the desirable range for weight and height would decrease the cost of production because fewer dogs could be raised to benefit the same number of individuals. The estimation of genetic parameters is essential before the development of breeding strategies. Therefore, the objective of this research was to estimate heritabilities of birth weight, 42-d weight, mature weight, and mature height and their genetic correlations in German shepherd dogs and Labrador retrievers.
Materials and Methods

Data
Data were recorded for German shepherd dogs and Labrador retrievers raised by the Seeing Eye from 1968 to 1997, including 25,494 weight observations on 4,427 dogs and a single height observation on 2,420 dogs. Data collection and management of the dogs was previously described (Helmink et al., 2000) . Traits evaluated were birth weight, 42-d weight, mature weight, and mature height. Not all growth traits were measured throughout the entire interval. Forty-two-day weight was selected over the traditional 60-d weight because the weight around 42 d of age was often the last weight recorded for puppies before leaving the facility with puppy-raising personnel. Dams were mated to an average of 3.2 sires with a standard deviation of 1.7 sires and produced an average of 4.1 litters with a standard deviation of 2.6 litters.
Birth sires and 79% of the dams had records for at least one growth trait. Both breeds had individuals outside of the optimum range of 18 to 32 kg for mature weight and 53 to 64 cm for mature height. In this study, 303 (15%) of the German shepherd dogs and 331 (19%) of the Labrador retrievers were heavier than 32 kg at mature weight. The breeds differed in their extremes for height. German shepherd dogs were more likely to be too tall, whereas Labrador retrievers were more likely to be too short. In this study, 189 (15%) of the German shepherd dogs were taller than 64 cm at the withers and 112 (10%) of the Labrador retrievers were shorter than 53 cm at the withers.
Bivariate Models
Growth traits were analyzed in pairs by breed to determine more accurate starting values for the analyses of all four traits. Additionally, comparing bivariate analyses with the analyses of all four traits provided an opportunity to gauge confidence in the results. Dogs with records for one or both traits were included in the analysis for each pair of traits. A mixed effects model was used with sex and birth year as fixed effects. Random effects were animal, maternal, and litter incorporating all pedigree information available. Analyses excluding litter were also conducted. Effect of litter size was not estimated because the data did not enumerate puppies that were still-born and, therefore, litter size could not be accurately determined.
All maternal influence was assumed to be of genetic origin. The correlation between direct and maternal effects was set to zero when data did not permit estimation. Maternal effects were estimated for all pairs of traits except for mature weight and mature height because maternal effects for these traits were determined to be very small in preliminary univariate analyses. Litter was considered as an uncorrelated random effect. Table 2 gives the number of litters represented in the different analyses. A few dogs did not have litter infor- 
where Y ijknp = birth weight, 42-d weight, mature weight, or mature height, = intercept, A i = random additive genetic effect of dog i (i = 1, . . . , 2,334 or 2,028), S j = fixed effect of sex j (j = 1, 2), R k = fixed effect of birth year k (k = 1, . . . , 19), M n = random maternal effect of dam n (n = 1, . . . , 113 or 89) for all pairs of traits except mature weight and mature height, L p = random litter effect of litter p (see Table 2 for number of litters in each analysis), and e ijknp = random residual effect, assumed to be IID [0, σ
].
Multivariate Models
Multivariate analyses were conducted to use information from all the traits and to take into account the relationships between the traits. The four growth traits were analyzed together by breed using Eq. [1], except maternal effect was estimated for all traits because it was more computationally demanding to have different models for the traits than to have the same model for all traits. Dogs with records for any combination of the traits were included in the multivariate analyses.
Genetic Parameter Estimation
Estimates of variance and covariance components were obtained by restricted maximum likelihood (REML) using a derivative-free algorithm. Calculations were carried out using DFREML (Meyer, 1997) employing the average information REML method (Johnson and Thompson, 1995) . Convergence was reached when the change in the log likelihood was less than 10 −4
. Analyses were repeated as necessary to confirm convergence to a global maximum. The resulting variance and covariance components were used to estimate heritabilities and genetic correlations. Tables 3 and 4 give estimates of phenotypic variance and genetic parameters for the growth traits based on bivariate and multivariate analyses for German shepherd dogs and Labrador retrievers, respectively, when litter was not included in the model. Direct heritability estimates for mature weight and mature height for both breeds were slightly higher for the model that did not include a maternal effect than for the other bivariate models. Results from the multivariate analyses were generally consistent with bivariate analyses. Table 5 gives estimates of phenotypic variance and genetic parameters for the growth traits based on bivariate analyses accounting for litter. Consistent results were not obtained from the multivariate analyses, possibly due to the large number of parameters to be estimated, and were not reported. The direct heritabilities for birth weight and 42-d weight in German shepherd dogs and 42-d weight in Labrador retrievers were similar when comparing the model that did not include a litter effect (Tables 3 and 4) with the model that did include a litter effect (Table 5 ). However, the estimate for the direct heritability of birth weight in the retrievers was lower when litter was added to the model. The litter component (c 2 ) was included in the maternal component (m 2 ) when litter effect was absent from the model for birth weight and 42-d weight. No major differences among the genetic parameters were found between the models for mature weight and mature height.
Results and Discussion
Accounting for litter in the model did not change the majority of the results found previously. The largest effect observed was a decrease in the direct heritability of birth weight in Labrador retrievers. Although a litter effect existed for birth weight and 42-d weight, the maternal effect estimated in the model without litter was partitioned approximately into two components when litter was added to the model. As with maternal effect, litter effects on mature weight and mature height were negligible.
Analyzing the selected growth traits in pairs and all together allowed for comparison of the estimates. The most appropriate estimates for the genetic parameters were selected based on the most appropriate model for each trait, although consistency among the different analyses was also considered.
The most appropriate estimates of genetic parameters for birth weight and 42-d weight were taken from the multivariate analysis (Tables 3 and 4 ) because information from all the traits and the relationships between the traits were taken into account, and because more observations were included. The maternal component was also important in the estimates for birth weight and 42-d weight. Results from the model that included litter effects were not used because consistent multivariate estimates were not obtained. However, it is possible that the direct heritability for birth weight in Labrador retrievers may be overestimated.
The results from the bivariate analysis of mature weight and mature height without maternal or litter effects (Tables 3 and 4) were determined to be the most appropriate estimates of genetic parameters for mature weight and mature height because both the maternal effect and litter effect were determined to be very small for both traits, whereas the maternal effect was determined to be necessary for birth weight and 42-d weight. In addition, mature weight and mature height were the traits most likely to be used in the development of breeding strategies. The estimates of direct heritability for mature weight and mature height and the direct genetic correlation between mature weight and mature height were similar in the bivariate analysis with and without litter effect.
Direct heritability estimates for 42-d weight (Tables  3 and 4) were similar to heritability estimates of 60-d weight in Alsatian dogs (German shepherd dogs) from two studies conducted at the Armed Forces Dog Training Center in Sweden (Reuterwall and Ryman, 1973; Hedhammar et al., 1979) . Both estimates were based on variance components estimated from paternal halfsibs. Reuterwall and Ryman (1973) reported estimates of 0.35 for females and 0.44 for males based on 926 dogs from 168 litters. Hedhammar et al. (1979) reported an estimate of 0.42 ± 0.08 based on 2,404 dogs from 401 litters.
Estimates of direct genetic (r A ) and maternal genetic (r M ) correlations among the growth traits are given in Table 6 . Litter correlations were calculated but not reported. Sampling errors ranged from 1.4 to 1.9 for direct genetic correlations and 1.4 to 3.4 for maternal genetic correlations. More data would be extremely beneficial to confirm the genetic correlations; however, these estimates can be used to compare results from similar populations. The direct genetic correlations indicated a stronger positive relationship between birth weight and 42-d weight than between birth weight and mature weight or mature height (Table 6 ). The closeness in time that birth weight and 42-d weight were measured likely contributed to the higher correlation estimates. Dogs that were heavier at birth tended to still be heavier at 42 d of age.
Estimates of the direct genetic correlation between 42-d weight and mature weight and between mature weight and mature height were consistently positive for both breeds (Table 6 ). The estimate for the direct genetic correlation between 42-d weight and mature height was negligible to moderately negative for German shepherd dogs and was negligible to moderately positive for Labrador retrievers. Estimates of the maternal genetic correlation among the growth traits were generally positive for both breeds.
The direct genetic correlation between 42-d weight and mature weight generally indicated that selection for 42-d weight would have a similar effect on mature weight for both breeds (Table 6 ). Selecting for heavier puppies at 42 d of age would cause an increase in weight at maturity, and selecting for lighter puppies at 42 d of age would cause a decrease in weight at maturity. Selection for 42-d weight would likely have little effect on mature height for both breeds.
A parameter of interest was the direct genetic correlation between mature weight and mature height ( Table  6 ). The moderate-to-high direct genetic correlation between mature weight and mature height for both breeds indicated that selection for one trait would result in changes in the same direction for the other trait. The higher direct genetic correlation between mature weight and mature height for Labrador retrievers indicated that changes may be faster in Labrador retrievers than in German shepherd dogs. However, the goal for this population of Labrador retrievers was to decrease mature weight and increase mature height; therefore, the high direct genetic correlation between mature weight and mature height creates a challenge for the development of breeding strategies.
Implications
The estimation of genetic parameters for German shepherd dogs and Labrador retrievers at the Seeing Eye, Inc., provides some of the first published genetic parameters for growth traits in dogs. Moderate-to-high heritability estimates indicated that genetic variability exists in this population for these traits and that improvement can be made by selection. Moderate estimates of the direct genetic correlation between mature weight and mature height for both breeds indicated that selection for one trait in a particular direction would yield a change in the same direction in the other trait. Directional selection, negative assortative mating, and selection indices are potential breeding strategies for application of these findings to increase the probability that dogs will attain a mature weight within the range of 18 to 32 kg and a mature height of 53 to 64 cm at the withers. 
Literature Cited
